6 -methyladenosine (m 6 A) is the most common internal modification in eukaryotic mRNA. It is dynamically installed and removed, and acts as a new layer of mRNA metabolism, regulating biological processes including stem cell pluripotency, cell differentiation, and energy homeostasis. m 
Introduction
Cell growth and differentiation depend upon the tight regulation of gene expression through controlled transcription and translation. In addition, post-transcriptional modifications of eukaryotic mRNA permit greater dynamic control of protein expression, faster responses to a variety of stimuli, and the fine tuning of protein localization [1] . N 6 -methyladenosine (m 6 A), the most abundant chemical modification in mRNA, has recently emerged as a critical post-transcriptional mRNA regulator [2, 3] . There are on average about three m 6 A modifications on any mRNA within the consensus motif, DRACH (D=A,G,U; R=A,G; H=A,C,U) and these modifications are essential in mammals [4] [5] [6] . In mammalian cells, the m 6 A modification is installed by a methyltransferase "writer" complex composed of METTL3 and METTL14, and it can be removed by the "erasers" ALKBH5 and FTO [7] [8] [9] [10] [11] [12] . METTL3 plays important roles in coordinating naive and primed stem cell pluripotency; signaling for stem cell exit from self-renewal toward differentiation; and control of the circadian period [13] [14] [15] . Deficiency in the "erasers" FTO and ALKBH5 influences cell growth, fertility in mice, and acute myeloid leukemia [11, 16, 17] . m 6 A exerts many of its functions through "reader" proteins in the cytoplasm and nucleus that selectively bind to m 6 A-containing transcripts [6, [18] [19] [20] [21] [22] [23] [24] [25] . In particular, the YT521-B homology (YTH) family of proteins 6 possess the evolutionarily conserved YTH domain that selectively recognizes m 6 A [21] . In the cytosol, YTH domain family 1 (YTHDF1) and YTHDF3 act in concert to affect the translation of their targets by facilitating ribosome loading in HeLa cells [20, 26, 27] whereas YTHDF2 decreases mRNA stability by recruiting the CCR4-NOT deadenylase complex [18, 28] . In the nucleus, YTH domain containing 1 (YTHDC1) influences mRNA splicing [22] . Working in concert, YTHDF1, YT-HDF2, YTHDF3, and YTHDC1 may provide a fast track to quickly process mRNAs in the nucleus, control their translation, and then degrade the translated mRNAs.
The fifth member of the YTH protein family, YTH-DC2, has not yet been shown to bind m 6 A, and its function remains unclear. Although it contains the highly conserved YTH domain found in the other YTH family proteins, YTHDC2 possesses multiple helicase domains that may also act on RNA (Supplementary information, Figure S1 ). Ythdc2 is highly expressed in mouse testes, and was found to interact with the meiosis-specific protein MEIOC, which is required for meiotic prophase I [29] [30] [31] . Here, we report that Ythdc2 is an m 6 A-binding protein with critical functions in spermatogenesis. We report one of the first mammalian knockout models for YTH family proteins, showing that Ythdc2 facilitates proper spermatocyte development. 6 A To determine whether YTHDC2 binds m 6 A, we performed an in vitro pulldown assay using lysate from HeLa cells stably overexpressing FLAG-tagged YTH-DC2. YTHDC2 bound preferentially to an RNA probe containing m 6 A compared to a control RNA probe containing unmodified A (approximately 3.2-fold difference) ( Figure 1A ). Moreover, YTHDC2 bound preferentially to an RNA probe containing an m 6 A consensus motif (GGACU) compared to a control RNA probe containing a random sequence (ACAGA). YTHDC2 preferred binding to m 6 A rather than A regardless of the sequence of the probe ( Figure 1A and Supplementary information, Figure S2B ). We further confirmed that YTHDC2 binds selectively to m 6 A-containing RNA using gel shift (Supplementary information, Figure S2A ). As YTHDC2 appears to play a role in spermatogenesis, we repeated our experiments using a mouse testes lysate, where we saw that Ythdc2 also bound preferentially to m 6 A within the GGACU motif (Supplementary information, Figure S2C) . To further confirm the consensus motif, we performed crosslink immunoprecipitation sequencing (CLIP-seq) in adult mouse testes, and observed that Ythdc2-bound fractions enrich a consensus motif of GGACU ( Figure 1B and Supplementary information, Figure S2D , Table S1 ). Moreover, the binding sites of YTHDC2 cluster around the stop codon, mirroring the locations of m 6 A along the mRNA transcript (Supplementary information, Figure S2E ). These results indicate that YTHDC2 can preferentially recognize m 6 A-containing transcripts. Because previous work indicated that Ythdc2 may play a role in early spermatogenesis, we performed RNA immunoprecipitation sequencing (RIP-seq) of Ythdc2 in the testes of mice at 16.5 days post-partum (d.p.p.), which are enriched in meiotic spermatocytes, to identify gene targets of Ythdc2 [30] . Two biological replicates of RIP-seq assays identified 522 target genes of Ythdc2 (Supplementary information, Table S2 ). Of these target genes, 477 (91.4%) contain m 6 A, compared to 50.3% of genes depleted in the IP fraction ("Ythdc2 non-targets") ( Figure 1C and Supplementary information, Figure S2F -S2G). These results strengthen our conclusion that Ythdc2 is an m 6 A "reader" protein.
Results

YTHDC2 preferentially binds m
Ythdc2 affects mouse spermatogenesis
Gene ontology (GO) analysis of Ythdc2 RIP-seq targets in mouse testes identified meiosis-related categories among the most enriched pathways (Supplementary information, Figure S2H and Table S3 ). In agreement with a previous report, we also identified that Ythdc2 is highly expressed in mouse testes ( Figure 2A ). Our results pointed us toward examining the function of Ythdc2 in spermatogenesis.
To investigate the biological functions of Ythdc2, we generated two Ythdc2 -/-founder mice by microinjection of CRISPR/Cas9 targeting exon 5 of the Ythdc2 gene ( Figure 2B and Supplementary information, Figure S3A -S3B). Ythdc2 -/-mice with a 37-bp deletion were viable and reached adulthood. However, both male and female mice were infertile; male mice had smaller testes, and female mice had smaller ovaries and showed progressive loss of germ cells ( Figure 2C-2D and Supplementary information, Figure S4A -S4C). Comparative histological staining of the testes, caput epididymis, and cauda epididymis of adult mice showed that Ythdc2 -/-mice lacked spermatozoa in the seminiferous tubules and epididymis ( Figure 2E ).
Ythdc2
-/-mice with a 4-bp deletion showed the same phenotype as those with the 37-bp deletion (Supplementary information, Figure S3C ), eliminating the possibility of off-target effects induced by CRISPR/ Cas9.
We examined expression levels of Ythdc2 mRNA and protein over time in testes, and found that Ythdc2 expression rises between 7 and 12 d.p.p. and remains steady through adulthood ( Figure 3A and Supplementary infor- mation, Figure S5 ). Figure S6A ). However, unlike control spermatocytes, the Ythdc2 -/-spermatocytes failed to undergo pachytene and instead reached a terminal zygotene-like stage, displaying fragmented axial elements and partially synapsed lateral elements ( Figure 3B and Supplementary information, Figure S6A , data not shown). We also observed a similar failure to reach pachytene in oocytes of Ythdc2 -/-mice (Supplementary information, Figure S6B -S6C). We reasoned that the abnormal spermatocytes may undergo apoptosis, and thus performed TUNEL assays on testes sections from mice at the age of 8.5-10.5 d.p.p., around the time of meiotic initiation. We found substantially more apoptosis in the testes of Ythdc2 -/-mice than those of the wild-type after 9.5-10.5 d.p.p. (Figure 3C-3D ). Cleaved Caspase-3 staining of young mouse testes also revealed that spermatocytes in Ythdc2 -/-mice undergo apoptosis at 9.5-10.5 d.p.p. (Figure 3E ). The number of spermatocytes in Ythdc2 -/-mice is drastically reduced after 9.5 d.p.p. (Supplementary information, Figure S7 ). The defect in spermatogenesis in Ythdc2 -/-mice appeared to be limited to the spermatocyte stage, as Ythdc2 -/-mice displayed normal spermatogonia and sertoli cells (Supplementary information, Figures S8 and S9) . Thus, Ythdc2 is required for proper spermatocyte development.
Ythdc2 affects translation efficiency and mRNA abundance of its targets
To investigate the function of Ythdc2 in mouse testes, we evaluated the expression of its targets in 8. Figure S10A ). In contrast, qRT-PCR of Smc3 in 8.
-/-mouse testes showed an increase in its mRNA abundance ( Figure 4A ). The net outcome was a 37% decrease in translation efficiency in Ythdc2 -/-mice ( Figure 4B ). We also saw similar changes of translation efficiency and mRNA abundance of Cep76, another top RIP-seq target of Ythdc2 that is involved in centriole reduplication (Supplementary information, Figure S10C -S10F). Thus, Ythdc2 may function by affecting the translation efficiency and mRNA abundance of its targets in mouse testes.
This led us to investigate the direct role of YTHDC2 in regulating translation efficiency and mRNA abundance using a luciferase-based tethered reporter assay in HeLa cells as a model [19] (Figure 4C ). We replaced the YTHDC2 C-terminal YTH domain, which engages in m 6 A binding in YTH family proteins [33, 34] , with λ peptide (N-YTHDC2-λ) known to bind specifically and tightly to F-Luc-5BoxB (five Box B RNA sequences inserted into the 3′ UTR of a firefly luciferase reporter). We installed a Tet-Off inducible promotor, which prevents transcription in the presence of doxycycline (DOX), onto F-Luc-5BoxB, thus allowing inducible expression of the luciferase reporter. We compared the expression of firefly luciferase (normalized to renilla luciferase) with and without the presence of N-YTHDC2-λ, and saw a 30% increase in translation accompanied by a 15% decrease in mRNA abundance ( Figure 4D and Supplementary in- +/+ and Ythdc2 -/-mice. Error bars, mean ± sd, n = 4, biological replicates ***P < 0.001 (Student's t-test) (E) Periodic Acid Schiff (PAS) staining of adult testes and epididymis. Scale bar, 50 μm.
formation, Figure S10G ). Overall, this resulted in a 52% increase in translation efficiency, indicating that YTH-DC2 can enhance translation efficiency and decrease the mRNA abundance of its targets in HeLa cells ( Figure  4E ).
To investigate whether Ythdc2 also affects the mRNA abundance and m 6 A profile of its targets, we performed m 6 A-seq on the testes of 8. Table S4 ). m 6 A was located on its usual consensus motif of GGACU in both control 
-test). (F)
Cumulative frequency of log 2 -fold changes of RNA expression upon Ythdc2 depletion, in RIP targets and non-targets. P value was calculated using two-sided Mann-Whitney U test. (G) Top GO terms in GO analysis of components of protein complex containing YTHDC2 obtained from tandem affinity purification followed by mass spectrometry. Figure S11D ). We also observed a modest increase in the expression of Ythdc2 targets in Ythdc2 -/-mice compared to Ythdc2 +/+ mice ( Figure 4F and Supplementary information, Figure  S11E ). Together our results indicate a role of YTHDC2 in regulating target RNA stability. Next, we asked whether translation efficiency and stability of targets of YTHDC2 are regulated through its binding of m 6 A. We knocked down the m 6 A methyltransferase METTL3 in HeLa cells and performed ribosome profiling [7] . Upon reduction of m 6 A, we observed an overall decrease in translation efficiency and increase in mRNA abundance of YTHDC2 target transcripts, as determined by PAR-CLIP in HeLa cells (Supplementary information, Figure S12A-S12C and Table S5 ). This data suggests that the roles of YTHDC2 in enhancing translation efficiency and decreasing mRNA stability could be affected through its binding of m 6 A, although this protein possesses multiple domains that can also bind RNA and potentially affect targets' fates.
To explore how YTHDC2 may affect translation efficiency and mRNA stability, we performed polysome profiling of HeLa cells, separating cellular fractions along a 10%-50% sucrose gradient. The expression of YTHDC2 in different fractions was detected with western blot, and we observed YTHDC2 in the 40-80S ribosome fraction, suggesting that YTHDC2 may interact with cellular machinery involved in translation initiation (Supplementary information, Figure S10H ). We then immunoprecipitated the YTHDC2-containing protein complexes from HeLa cells using tandem affinity purification and subjected the isolated peptides to mass spectrometry (Supplementary information, Table S6 and Figure S13 ). GO analysis of the top binding partner proteins revealed functions related to translation and translation initiation ( Figure  4G) . Moreover, the third most significant GO term of top binding partner proteins of YTHDC2 was nonsense-mediated decay, a process coupled with translation that eliminates mRNAs with premature translation-termination codons [35, 36] . YTHDC2 partner proteins with known roles in nonsense-mediated decay included the exoribonuclease XRN1 and helicases UPF1 and MOV10 [37, 38] . Thus, YTHDC2 may recruit decay machineries to accelerate the degradation of mRNA targets during or after translation in mammalian cells. Although the effect on stability observed in testes appears to be very modest, these experiments were carried out upon the heterogeneous cell population of entire testes. It is possible that future studies on purified spermatocytes could reveal more significant effects. Together, our results suggest that YTHDC2 may interact with the translation and decay machineries to enhance the translation efficiency and decrease the mRNA abundance of its targets.
Discussion
YTHDF1, YTHDF2, YTHDF3, and YTHDC1 are members of the YTH protein family with characterized roles in the cytoplasm and nucleus. The role of the final member of the YTH protein family, YTHDC2, remained uncertain. To address this we have here characterized the function of Ythdc2 and its role in spermatogenesis using a knockout mouse model that has yet to be reported for any other YTH family proteins. Our results show that YTHDC2 preferentially binds m 6 A within its consensus RNA motif ( Figure 1A-1C ). YTHDC2 may increase the translation efficiency of its targets, as we showed in a tethering reporter assay ( Figure 4E ), as well as decrease their mRNA abundance ( Figure 4D, 4F ). Ythdc2 appears to be critical for fertility because both male and female mice lacking Ythdc2 are infertile and do not contain germ cells able to develop beyond the zygotene stage of meiotic prophase I (Figure 2 and Supplementary information, Figure S6 ).
The YTH family proteins display prominent effects on m 6 A-containing mRNA transcripts. YTHDF1-3 function in the cytoplasm; YTHDF1 and YTHDF3 affect the translation efficiency of their targets, and YTHDF2 decreases the stability of its targets. YTHDC1 acts in the nucleus, affecting mRNA processing. Like its family members, YTHDC2 contains the highly evolutionarily conserved YTH domain, whose interaction with m 6 A has been described through recent crystallographic studies on YTHDF1, YTHDF2, and YTHDC1 [21, 33, 39] . Thus, it is very likely that the YTH domain confers m 6 A binding specificity to YTHDC2. However, YTHDC2 is otherwise distinct from its other family members. It is by far the largest protein (approximately160 kDa as compared to approximately 60-85 kDa), and it is the only family member to contain helicase domains (Supplementary information, Figure S1 ). These helicase domains may contribute to RNA binding, or may have effects on RNA secondary structure. YTHDC2 also contains two Ankyrin repeats between its helicase domains; these repeats mediate a diverse range of protein-protein interactions. As the YTHDC2-containing protein complex includes proteins involved in translation and translation initiation ( Figure  3E ), the Ankyrin repeats may be important for the recruitment or binding of other protein complex members.
Because YTHDC2 contains multiple RNA-binding domains, it is possible that it may be a protein with multiple roles. We have elucidated roles pertaining to the regulation of translation efficiency and stability, and our data suggest that these roles may depend on the binding of YTHDC2 to m 6 A (Supplementary information, Figure  S12 ). We have recently proposed that m 6 A is deposited onto transcripts to mark them for coordinated translation and decay [40] . This coordination may allow efficient utilization of the transcriptome and RNA turnover in cells undergoing differentiation. As little transcription happens after germ cells enter meiotic prophase I [41, 42] , transcripts that have been translated and are no longer necessary in a later meiotic stage may need to be cleared so that the translation machinery can more effectively target the remaining transcripts. Thus Ythdc2 might indeed work on transcripts to accelerate both translation and decay.
It is quite possible that the various RNA-binding domains of YTHDC2 could have functions independent of its m 6 A-binding, which should be further studied in the future. Experiments introducing individual mutations to various domains could elucidate the roles of the individual domains and the mechanism underlying YTHDC2 function. Moreover, although we identified over 8 000 genes containing m 6 A in mouse testes, RIP-seq of Ythdc2 in mouse testes revealed binding only to a subset of these genes ( Figure 1C ). Future studies are necessary to determine the overarching role of m 6 A throughout spermatogenesis, as well as the selectivity of Ythdc2 to its targets.
Two recent articles have pointed toward a role of Ythdc2 in spermatogenesis. Abby et al. suggested that the meiosis-specific protein MEIOC interacts with YTHDC2 in an RNA-independent manner to stabilize transcripts during meiosis prophase I, allowing proper induction of the meiotic program [30] . Soh et al. also found that ME-IOC interacts with Ythdc2, but propose that MEIOC may destabilize its targets and that it is required to sustain the prolonged length of meiotic prophase I [31] . Our results indicate that the role of YTHDC2 can be complex. Its interactions with XRN1, UPF1, and MOV10 could suggest a role in destabilizing its target RNAs. This receives support from our tethering reporter assays and sequencing data, which also reveal that YTHDC2 could destabilize its target RNAs. It is possible that MEIOC and YTHDC2 work in tandem to respectively influence the stability and translation efficiency of their targets. MEIOC may work to stabilize meiotic transcripts synthesized at the start of meiotic prophase I. YTHDC2 may enhance the translation of transcripts, and then destabilize the transcripts after translation is completed, allowing proper progression of meiotic prophase I.
The m 6 A demethylase Alkbh5 has also been shown to be most highly expressed in mouse testes, and its depletion leads to compromised spermatogenesis [11] . The m 6 A mark may thus be an important regulator of spermatogenesis. Interestingly, unlike the germ cells in Ythdc2 -/-mice, the germ cells in Alkbh5 -/-mice develop into spermatozoa, albeit at a dramatically decreased rate and with morphological abnormalities. Thus, the m 6 A mark may hold multiple roles throughout the various stages of spermatogenesis, and its misregulation may lead to defects in multiple pathways. Here we demonstrate defects in meiosis in Ythdc2 -/-mice and show that Ythdc2 targets meiosis-related genes in mouse testes. However, we cannot exclude the possibility that the effect of Ythdc2 on meiosis may be indirect and that the loss of Ythdc2 leads to other defects that indirectly affect meiosis.
Our present studies are limited to functions of Ythdc2 in early spermatogenesis. It will be important to determine whether Ythdc2 functions beyond meiotic prophase I as will be possible through inducible knockout of Ythdc2. YTHDC2 may play important roles in other systems. Our results showed that Ythdc2 is also highly expressed in the spleen and brain ( Figure 2A) ; YTHDC2 may thus have potential roles in the immune and nervous systems. YTHDC2 has also been identified as a frequently mutated gene in pancreatic adenocarcinoma patients, and plays a role in cancer metastasis by increasing the translation efficiency of HIF-1α [43, 44] . As a protein with multiple domains, YTHDC2 could possess complex functions in different cellular contexts, potentially involving the regulation of both translation efficiency and transcript stability. The contributions of each domain to such differing functions requires more detailed future study.
Materials and Methods
Animals
All mice were housed under specific pathogen-free (SPF) conditions on a 12-h light-12-h dark cycle. All animal protocols were approved by the Animal Care and Use Committee of Nanjing Medical University.
In vitro transcription and microinjection of CRISPR/Cas9
Two sgRNAs were designed to target Exon 5 of the Ythdc2 gene. Oligos for the generation of sgRNA expression plasmids were annealed and cloned into the BsaI sites of pUC57-sgRNA (Addgene 51132) [45] . Oligo sequences are as follows: sgRNA1_ up: TAGGAGTACAAAATATTCGGCAG; sgRNA1_down: AAACctgccgaatattttgtact; sgRNA2_up: TAGGacgactagcagcgattgctg; sgRNA2_down: AAACCAGCAATCGCTGCTAGTCGT. In vitro transcription and microinjection of CRISPR/Cas9 were performed as described [45] . Briefly, the Cas9 expression con-struct pST1374-Cas9-N-NLS-Flag-linker (Addgene 44758) was linearized with AgeI and transcribed using the the T7 Ultra Kit (Ambion), followed by purification using RNeasy Mini Kit (Qiagen). pUC57-sgRNA expression vectors were linearized by DraI and transcribed using the MEGAshortscript Kit in vitro (Ambion). sgRNAs were purified by MEGAclear Kit (Ambion). Mixture of Cas9 mRNA (20 ng/μl) and two sgRNAs (5 ng/μl each) were injected into the cytoplasm and male pronucleus of the zygote, obtained by CBF1 mating. Injected zygotes were transferred into pseudo-pregnant CD1 female mice. Founder mice were backcrossed to C57BL/6J. Mice used for experiments were of mixed C57BL/6J and CBA genetic backgrounds.
Primers used for genotyping of Ythdc2 mice: GATTCCT-CAGTTCCTGTTAGA and GACCAATTCTTTCTCTTCTCTC.
Antibodies
The antibodies used in this study (listed in the format of name (catalogue; supplier; dilution) were as follows: Goat anti-YTHDC2 
Histological analysis and immunofluorescence
Testes were fixed in Modified Davidson's Fluid (MDF), embedded in paraffin, sectioned at 5 μm, and stained with hematoxylin and eosin (H&E). For immunofluorescence, after dewaxing and hydration, paraffin sections were subjected to antigen retrieval by boiling in citrate buffer (1.8 mM citric acid, 8.2 mM sodium citrate, pH6.0), washing with PBS three times, blocking in 5% bovine serum albumin (BSA) for 2 h, and incubating with primary antibodies overnight at 4 °C. After washing with PBS three times, secondary antibodies were added to the samples for 2 h at room temperature (RT). The sections were then washed in PBS three times and incubated with Hoechst 33258 (Sigma) for 5 min at RT. Periodic acid-Schiff (PAS) staining of testis sections was performed according to the manufacturer's protocol (Sigma-Aldrich Cat. No. 395B-1KT).
For immunohistochemistry, after dewaxing and hydration, the sections were incubated with 10% hydrogen peroxide for 10 min to eliminate endogenous peroxidase activity at 37 °C. After antigen retrieval with citrate buffer and washing, the sections were blocked in 5% BSA and incubated with primary antibodies and secondary antibodies. DAB staining kit (ZSGB-BIO, ZLI-9018) was used to detect the signal according to the manufacturer's instructions. The sections were counterstained with hematoxylin. For spermatocyte chromosome spreads, testes and ovaries were dissected and placed in hypotonic extraction buffer (30 mM Tris-HCl pH 8.5, 50 mM sucrose, 17 mM citric acid, 5 mM EDTA, 2.5 mM DTT, 1 mM PMSF) for 45 min at RT. Tissues were separated and minced in 100 mM sucrose. Cell suspensions were pipetted onto slides and fixed (1% PFA, 0.15% TritonX-100, 10 mM sodium borate) for 3 h. After washing four times with TBS (150 mM NaCl, 20 mM TrisHCl pH 7.6), slides were blocked in ADB (1% Normal donkey serum, 0.3% BSA, 0.05% TritonX-100) for 1 h at RT, incubated with primary antibodies overnight at 37 °C, blocked in ADB for 5 h, and finally incubated with secondary antibodies for 1.5 h at 37 °C and washed with TBS. H&E images were taken using an Axioskop 2 plus (ZEISS). Immunofluorescence images were taken with a LSM710 laser scanning confocal microscope (ZEISS).
Plasmid construction and protein expression
Flag-tagged YTHDC2 was cloned from commercial cDNA clones (Dharmacon) into vector pFastBac (BamHI, XhoI; forward primer with coding sequence for Flag-tag, 5′-GCGGATCCATG-GACTACAAAGACGATGACGACAAGTCCAGGCCGAGCAG-CGTCTC-3′; reverse primer, 5′-GCCTCGAGTCAATCAGTTGT-GTTTTTTTCTCCCAAG-3′). Flag-tagged YTHDC2 was purified using the Bac-to-Bac Baculovirus Expression System (Life Technologies) following the manufacturer's protocols.
Tether effector (N-YTHDC2-λ) was cloned from commercial cDNA clones into vector pcDNA3.0 (BamHI, XhoI; forward primer, 5′-GCGGATCCATGTCCAGGCCGAGCAG-3′; reverse primer with λ peptide transcript 5′-GCCTCGAGTCAGTTTG-CAGCTTTCCATTGAGCTTGTTTCTCAGCGCGACGCTCAC-GTCGTCGTGTTTGTGCGTCCATAGGCATGTTTGGTCTTGG -3′). Tether control effector and reporter constructed have been previously described [19] .
Mammalian cell culture, shRNA knockdown, and plasmid transfection
The human HeLa cell line used in this study was purchased from ATCC (CCL-2) and grown in DMEM (Gibco, 11995) media supplemented with 10% FBS and 1% 100× Pen/Strep (Gibco). The HeLa Tet-off cell line was purchased from Clontech and grown in DMEM (Gibco) media supplemented with 10% FBS (Tet system approved, Clontech), 1% 100× Pen/Strep (Gibco), and 200 μg/ml G418 (Sigma).
YTHDC2 shRNA were purchased from GE Dharmacon
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(RHS4533-EG64848); YTHDC2 shRNA-3 target sequence: ATATAAGAGATGTGACGAGGG; YTHDC2 shRNA-5 target sequence: CTTTAGTCGAAGTTCTGACTA. Lentiviruses containing the YTHDC2 shRNAs were produced in 293T cells with packaging plasmids. After 48 h, virus was were collected and used to infect Hela cells. Stable YTHDC2 knock down cell lines were selected through 3 days of puromycin selection (2 μg/ml). YTHDC2 with an N terminal FLAG tag and HA tag in tandem was stably overexpressed in HeLa cells by puromycin selection (2 μg/ml) with a modified pPB-CAG vector. The control cell line expressing only FLAG and HA peptides in tandem was created similarly.
Tethering reporter assay
The tethering reporter assay was performed as previously reported, with slight modifications [20] . 30 ng of the reporter plasmid (pmirGlo-Ptight-5BoxB) and 270 ng of the effector plasmid (N-YTHDC2-λ or FLAG-GGS-λ as a control in pcDNA3.0) were used to transfect HeLa Tet-Off Advanced Cells (613356, Clontech) in each well of a six-well plate at 60%-80% confluence under doxycycline (Dox, 100 ng/ml) inhibition. After six hours, the transfection mixture was replaced with fresh media containing DOX (100ng/ml). Eighteen hours later, each well was digested with trypsin, washed extensively with PBS by resuspending and centrifuging the cells three times. Cells were re-seeded into six wells of a 96-well plate (1:10 in each well) and one plate of a 12-well plate (4:10) in media without DOX to induce transcription of F-luc. Four hours later, cells in the 96-well plate were analyzed by Dual-Glo Luciferase Assay System (E2920, Promega), and F-luc activity was normalized to R-Luc to evaluate protein production from the reporter. Concurrently, the RNA was extracted from the cells in the 12-well plate with Direct-zol RNA Microprep Kit (Zymo Research), following the manufacturer's protocol and including DNase I digestion. mRNA expression of F-luc and R-luc were quantified by RT-qPCR, and the expression of F-luc was normalized to that of R-luc. Translation efficiency of F-luc mRNA was calculated as the ratio of normalized F-luc protein level to normalized F-luc mRNA level.
RIP-seq
RIP-seq was performed as previously described, with minor modifications [18] . Testes were isolated from 2 16.5 d.p.p. male mice per sample; tunica vaginalis was removed and discarded. The remaining seminiferous tubules were lysed in high salt lysis buffer (300 mM NaCl, 0.2% NP-40, 20 mM Tris-HCl pH 7.6, 0.5 mM DTT, 1:100 cOmplete EDTA-free protease inhibitor (Roche), 1:100 SUPERase In RNase Inhibitor (Ambion)) for 30 min with gentle rotary shaking at 4 °C, followed by centrifugation at 16 000g for 20 min. The supernatant was diluted 1:1 in 20 mM Tris-HCl pH 7.6, and filtered through a 0.22 μm filter. The sample was precleared with 33 μl Dynabeads Protein G beads (Life technologies) for 1 h at 4 °C. 100 μl Dynabeads Protein G beads were coated with 20 μg of Goat anti-YTHDC2 or normal goat IgG (Santa-Cruz) at 4 °C for 1 h following the manufacturer's instructions. 1/10 of the sample was saved as RNA input; the rest was incubated with the pre-coated beads for 4 h at 4 °C. The beads were washed six times with NT2 wash buffer (200 mM NaCl, 2 mM EDTA, 0.05% NP-40, 50 mM Tris-HCl pH 7.6, 0.5 μM DTT, 1:1 000 protease inhibitor, 1:1 000 SUPERase In RNAse Inhibitor) to remove excess RNA, and RNA was isolated with Direct-zol RNA Microprep Kit (Zymo Research). The sample immunoprecipitated using normal goat IgG did not contain any detectable RNA as detected by Nanodrop. rRNA was depleted in parallel from both the Input and IP samples using RiboMinus Eukaryote Kit v2 (Ambion). 5 ng of Input and IP RNA, 2 biological replicates each, were used to generate the library using TruSeq stranded mRNA sample preparation kit (Illumina).
CLIP-seq
CLIP-seq was performed as described for PAR-CLIP [46] , without using 4SU and with the following modifications. Testes were isolated from 5 adult male mice per sample; tunica vaginalis was removed and discarded. The remaining seminiferous tubules were separated to single cells using a tissue grinder (Fisher), filtered through a 40 μm cell strainer in 5 ml PBS, then crosslinked with 254 nm UV light three times using a Stratalinker 2 400 at 150 mJ/cm 2 . Mild enzyme digestion [47] : The first round of T1 digestion was carried out using 0.2U ml -1 for 15 minutes. The second round of T1 digestion was conducted using 10 U/ml for 8 min.
Library construction: the final recovered RNA sample was further cleaned by RNA Clean & Concentrator (Zymo Research) before library construction using the Truseq small RNA sample preparation kit (Illumina).
PAR-CLIP
PAR-CLIP was performed as previously described [18, 46] with the following modifications. The preparation was made from 150-200 × 10 6 HeLa cells stably expressing Flag-HA-tagged YTHDC2. The YTHDC2-RNA complex was purified by SDS-PAGE selecting proteins migrating between 130-200 kDa. RNA fragments were extracted by proteinase K digestion of the gel slices followed by ethanol precipitation. The purified RNA pellet was dissolved in 12 µl RNase-free water, of which 6 µl was subjected to library construction by Truseq small RNA sample preparation kit (Illumina). m 6 A-seq m 6 A-seq was performed as previously described [6] . Briefly, 100 μg total cellular RNA was extracted from the seminiferous tubules of 8.5 d.p.p. mice using TRIzol following the manufacturer's protocol. PolyA mRNA was enriched using Dynabeads mRNA DIRECT Kit (Ambion) following the manufacturer's protocols. mRNA was sonicated to ~100 nt, mixed with 2.5 mg affinity-purified anti-m 6 A polyclonal antibody (Synaptic Systems) in IP buffer (150 mM NaCl, 0.1% NP-40, and 10 mM Tris-HCl, pH 7.4), and incubated for 2 h at 4 °C. The antibody-RNA complex was isolated by incubation with protein A beads (Invitrogen) at 4 °C for 2 h. The beads were washed three times and eluted competitively with an m 6 A monophosphate solution. RNA in the eluate was isolated using RNA Clean and Concentrator (Zymo Research) and used for library preparation with TruSeq stranded mRNA sample preparation kit (Illumina).
Polysome profiling
Polysome profiling of HeLa Control or shYTHDC2 knockdown cells was performed as previously described [26] with the following modifications: (1) Before collection, cycloheximide (CHX) was added to the media at 100 µg/ml for 7 min. (2) The lysis buffer was 20 mM HEPES, pH 7.6, 100 mM KCl, 5 mM MgCl2 , 100 µg/ ml CHX, 1% Triton-X-100, 1:100 protease inhibitor (Roche), and 40 U/ml SUPERasin (Ambion).
Data analysis
Gene structure annotations were downloaded from UCSC mm10 RefSeq. Data analyses were performed as previously described [6, 19] . Briefly, after removing adapters, sequencing reads were aligned to the reference genome (mm10) using TopHat (v2.0.14) [48] . For RIPSeq, RPKM were calculated by Cuffnorm [49] . RIP-seq targets were defined as genes enriched in the IP (log 2 (RIP/input) ≥ 1), and RIP-seq non-targets were defined as genes depleted in the IP (log 2 (RIP/input) ≤ -1). For m 6 A-seq, the longest isoform was used if multiple isoforms were detected. Aligned reads were extended to 100 nt (average fragment size) and converted from genome-based coordinates to isoform-based coordinates to eliminate interference from introns in peak calling. To call m 6 A peaks, the longest isoform of each human gene was scanned using a 100 nt sliding window with 10 nt steps. To reduce bias from potentially inaccurate gene structure annotation and the arbitrary usage of the longest isoform, windows with reads counts less than 1/20 of the top window in both m 6 A IP and input sample were excluded. For each gene, the reads count in each window was normalized by the median count of all windows of that gene. A negative binomial model was used to identify the differential windows between IP and input samples by using the edgeR package [50] . The window was called positive if FDR < 1% and log 2 (enrichment score) ≥ 1. Overlapping positive windows were merged. The following four numbers were calculated to obtain the enrichment score of each peak (or window): read count of the IP sample in the current peak/window (a), median read count of the IP sample in all 100 nt windows on the current mRNA (b), read count of the input sample in the current peak/window (c), and median read count of the input sample in all 100 nt windows on the current mRNA (d). The enrichment score of each window was calculated as (a × d)/(b × c). For CLIP-seq, we used a modified version of PARalyzer [51] to allow for all mutations, rather than just T to C mutations, for peak calling, while filtering out all SNPs and potential sequencing errors. Consensus motif was determined using HOMER [52] . For PAR-CLIP, we analyzed data using PARalyzer with default settings. Nonparametric Mann-Whitney U-test (Wilcoxon rank-sum test, two sided, significance level = 0.05) was applied to RNA-seq and ribosome profiling data analysis, as previously reported [19, 53] .
RT-qPCR
All RNA templates used in RT-qPCR were digested with DNase I during purification with Direct-zol RNA Microprep Kit (Zymo Research) to avoid genomic DNA contamination. All RT-qPCR primers covered exon-exon junctions when possible. 500ng of RNA was reverse-transcribed into cDNA with PrimeScript RT (Takara), then subjected to qPCR analysis with FastStart SYBR Green Master Mix (Roche) in a Roche LightCycler 96. Primer sequences are as follows: mYthdc2_F GGTCCGATCAATCATCTGT; m Y t h d c 2 _ R G A A G TA A C G A ATA G G C AT G T; m 1 8 s _ F CATTCGAACGTCTGCCCTATC; m18s_R CCTGCTGCCTTC-CTTGGA; mSmc3_F AACCAGGAGCTCAACGAGAC; mSmc3_R TGGAAACTCAGCAGCAAGAGA; mCep76_F CCTCGGTCACCAGCAATGAA; mCep76_R GCTTGTTG-TTCGCTCAAACTCA. The primer sequences of F-luc and R-luc have been reported [19] .
Western blotting
Proteins were extracted with 8 M urea lysis buffer (8 M urea, 75 μM NaCl, 50 μM Tris-Cl pH 8.2) containing 1 mM PMSF, and quantified using the Bradford Protein Assay Kit (Beyotime). Protein samples were separated in a 7% SDS-PAGE gel and transferred to PVDF membranes (Millipore). Appropriate primary antibodies were incubated overnight at 4 °C after blocking in 5% nonfat milk. After washing three times in TBST, secondary antibodies were used at appropriate dilution for 2 h at RT. The signals were detected by the addition of Ncm ECL Ultra® (New Cell & Molecular Biotech Co., Ltd).
TUNEL assay
Detection of apoptotic cells was performed using TUNEL Apoptosis Detection Kit (Vazyme) according to the manufacturer's instructions. Images were taken with a LSM710 laser scanning confocal microscope (ZEISS).
In vitro probe pulldown 40 × 10 6 HeLa cells stably overexpressing FLAG-tagged YT-HDC2 or the seminiferous tubules of three 16.5 d.p.p. mice were lysed at 4 °C for 30 minutes in 3.5 ml lysis buffer (250 mM NaCl, 0.5% NP40, 10% glycerol, 20mM Tris pH 7.5, 1:100 cOmplete EDTA-free protease inhibitor (Roche), 1:100 SUPERase In RNase Inhibitor (Ambion)) or high salt lysis buffer (300 mM NaCl, 0.2% NP-40, 20 mM Tris-HCl pH 7.6, 0.5 mM DTT, 1:100 cOmplete EDTA-free protease inhibitor (Roche), 1:100 SUPERase In RNase Inhibitor (Ambion)), respectively, followed by centrifugation at 16 000 g for 20 min. Supernatant of seminiferous tubules were diluted 1:1 in 20 mM Tris-HCl pH 7.6. Both were filtered through a 0.22 μm filter. 80 μl of the filtered supernatant was saved as input. The remaining supernatant was divided evenly among 4 tubes and incubated with 1.5 μg of the biotinylated RNA probes indicated in Figure 1 . The lysate-probe mixture was incubated at 4 °C for 2 h with rotation. 15 μl Dynabeads MyOne Streptavidin C1 beads (Invitrogen) were washed 3× with lysis buffer, and added to each sample. The samples were then incubated at 4 °C for 1.5 h with rotation. The beads were isolated and washed four times with lysis buffer, and protein was eluted with 50 μl 2× Laemmli sample buffer (Bio-rad) at 95 °C for 5 min. Protein was subjected to FLAG or YTHDC2 blotting analysis.
EMSA (electrophoretic mobility shift assay/gel shift assay)
The RNA probe was synthesized with a sequence of 5′-ACCG-GXCUGUUACCAACACCCACACCCC-FAM 3′ (X = m 6 A or A; FAM = 6-carboxyfluorescein). FLAG-YTHDC2 was diluted to concentration series of 24 μM, 12 μM, 6 μM, 3 μM, 1.5 μM, and 0.75 μM in binding buffer (10 mM HEPES, pH 8.0, 50 mM KCl, 1 mM EDTA, 0.05% Triton-X-100, 5% glycerol, 10 μg/ml salmon DNA, 1 mM DTT and 40 U/ml RNasein). 
Tandem affinity purification of YTHDF3 protein interactome
We followed the previously reported procedure [26, 54] . Protein complex components were identified by mass spectrometry and validated by western blot.
